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Abstract  The formation process of solid electrolyte interphase(SEI) film on spinel LiMn2O4 electrode surface was 
studied by electrochemical impedance spectroscopy(EIS) during the initial storage in 1 mol/L LiPF6-EC:DMC:DEC 
electrolyte and in the subsequent first charge-discharge cycle. It has been demonstrated that the SEI film thickness 
increased with the increase of storage time，and spontaneous reactions occurring between spinel LiMn2O4 electrode and 
electrolyte can be prevented by the SEI film. In the first charge-discharge cycle succeeding the storage, the electrolyte 
oxidation coupled with Li-ion insertion is evidenced as the main origin to increase the resistance of SEI film. The results 
also confirm that the variations of the charge transfer resistance(Rct) with the electrode potential(E) can be well described 
using a classical equation. 
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1  Introduction 
Li-ion batteries, employing lithium-metal-oxygen 
materials(LiMO2, where, M=Co, Ni, Mn, and other 
metals) as positive electrodes and carbon materials as 
negative electrodes, are attractive owing to their high 
energy density and high power density, and are widely 
used for supplying electrical energy to portable elec-
tronic devices and (hybrid) electric vehicles[1―3]. 
Since the initial commercialization of Li-ion batteries 
in 1990[1], intense efforts in research and development 
have been sustained to improve the performances of 
the batteries.  
The unsatisfactory problems such as the capacity 
fade and self-discharge during cycling and storage, 
especially the irreversible capacity generated during 
the initial forming cycles, have attracted extensive 
attention. The initial irreversible capacity of carbona-
ceous materials has been well recognized as a critical 
point to the normal operation of Li-ion batteries. This 
irreversible capacity is known to result in the forma-
tion of a solid electrolyte interphase(SEI) film on the 
surface of carbonaceous anodes that effectively pre-
vents solvent decomposition and graphite exfolia-
tion[4―7]. Similar SEI films on lithium transition metal 
oxide cathodes have been recently reported[8―10]. Stu-
dies of Fourier transform infrared spectrosco-
py(FTIRS)[8], Raman spectroscopy, surface-enhanced 
Raman scattering(SERS)[9], and X-ray photoelectron 
spectroscopy(XPS)[10] have demonstrated that the SEI 
film on the cathode is composed of various lithium 
salts, including lithium carbonate(Li2CO3), lithium 
alkoxides(ROLi), carboxylic lithium(RCO2Li), LiF, 
LixPFy, and POx compounds. 
LiMn2O4 is one of the most promising cathode 
materials to be used in Li-ion batteries because of its 
high theoretical energy density, high natural abun-
dance, low cost, acceptable environmental characte-
ristics, and good safety property. Unfortunately, it ex-
hibits significant capacity fading during cycling[11―15]. 
It was reported[9] that the formation of the SEI film on 
spinel LiMn2O4 electrodes involves a series of spon-
taneous reactions between the cathode active materials 
and the electrolyte solvents, and that the resulting film 
significantly reduces the electronic conductivity of the 
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spinel LiMn2O4 electrode and consequently causes 
capacity loss. However, little attention has been paid 
so far to the SEI film formed on the cathode, since its 
presence and importance on the performances of 
Li-ion batteries are not as well known as that of car-
bonaceous anodes. 
To improve the energy density of Li-ion batteries, 
it is essential to understand and reduce the irreversible 
capacity of the cathode developed during the initial 
forming cycles. Therefore, in this study, we aimed at 
addressing surface-film formation, aging processes, 
and other phenomena that may be involved in the ca-
pacity-fading mechanism of the spinel LiMn2O4 elec-
trode. For this purpose, the formation process of the 
SEI film was studied by electrochemical impedance 
spectroscopy during the initial storage in 1 mol/L 
LiPF6-EC:DMC:DEC electrolyte(only exposed to the 
electrolyte) and the subsequent first charge-discharge 
cycle. 
2  Experimental  
The stoichiometric compounds LiMn2O4 were 
synthesized by solid-state reactions. The reagents 
Li2CO3 and MnO2 were used as the starting materials. 
The mixtures were first heated at 300 °C for 2 h in air, 
and then the powders were ground until the homoge-
neous powders were obtained. The powders were con-
tinuously heated at 750 °C for 24 h in air and cooled 
down by simply switching off the electrical power. 
Finally, dark powders were obtained for measurement. 
The phase identification was carried out on a Rigaku 
D/max-rA diffractometer with Cu Kα radiation. Dif-
fraction data were collected by step scanning over an 
angular range of 15°―70° with a step of 0.08°. 
All electrochemical experiments were carried out 
in a three-electrode glass cell with Li foils as auxiliary 
and reference electrodes. The spinel LiMn2O4 elec-
trode used in this study was prepared by spreading a 
mixture of 80% active material, 3% acetylene black,  
7% mesocarbon microbeads(Shanshan Co., Shanghai, 
China), and 10% poly(vinylidene difluoride)(PVdF, 
Kynar FLEX 2801, Elf-atochem, USA) binder dis-
solved in N-methyl pyrrolidone(Fluka Inc.) onto an 
aluminum foil current collector. The obtained elec-
trode film was dried at 120 °C for 16 h under vacuum 
prior to use. The electrolyte was 1 mol/L LiPF6-EC: 
DMC:DEC(volume ratio 1:1:1, Guotaihuarong Co., 
Zhangjiagang, China). 
EIS measurements were conducted using an 
electrochemical working station(CHI 660B, Shanghai, 
China). The ac perturbation signal was 5 mV, the fre-
quency ranged from 105 to 10−2 Hz, and the electrodes 
were equilibrated for 1 h before measurement. The 
recorded EIS data were analyzed using Zview soft-
ware. 
3  Results and Discussion 
3.1  Characterizations of XRD and Cyclic Vol-
tammetry(CV)  
The joint committee for powder diffraction stan-
dard(JCPDS) and the XRD patterns of LiMn2O4 are 










Fig.1  JCPDS standard and XRD patterns of spinel 
LiMn2O4 prepared by solid-state method 
All patterns are in good agreement with the 
JCPDS standard, which can be indexed as cubic spinel 
phases.  
Fig.2 shows 7 successive cyclic voltammo-
grams(CVs) recorded at 20 µV/s for the spinel 
LiMn2O4 electrode in 1 mol/L LiPF6-EC:DEC:DMC 
electrolyte. Two anodic peaks at 4.18 and 4.05 V and 
two corresponding cathodic peaks at 4.06 and 3.95 V 
are the characteristics for the LiMn2O4 electrode. As 
reported in the literatures[16,17], the two pairs of peaks 
correspond to the two-step reversible(de)intercalation 
reaction, in which lithium ions occupy two different 










Fig.2  Cyclic voltammogram recorded on the spinel 
LiMn2O4 electrode at 20 µV/s 
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3.2  Common EIS Features of the Spinel 
LiMn2O4 Electrode 
Typical electrochemical impedance spectra of the 
spinel LiMn2O4 electrode at different potentials in the 
charge process are shown in Fig.3. The spectra at 3.5 
and 3.6 V display a small arc in the 
high-frequency(HF) region(f >100 Hz) and a slightly 
inclined line in the low-frequency(LF) region that 
represents the blocking character of the 
non-delithiated electrode at equilibrium potential. The 
spectrum above 3.7 V gives rise to a similar HF arc as 
above and a second arc in the medium-frequency(MF) 
region followed by a straight line. According to Aur-
bach et al.[18,19], the HF arc is related to SEI film(RSEI 
coupled with SEI film capacitance), the MF arc cor-
responds to charge transfer resistance coupled with 
double capacitance, and the straight line reflects the 








Fig.3  Impedance spectra of spinel LiMn2O4 electrode at different potentials in a frequency range of 
105―10−2 Hz in the charge process 
The insets show the enlarged spectra over a 105 ―102 Hz frequency range. 
3.3  Equivalent Circuits Proposed for EIS Ana- 
lysis 
Based on the experimental results, an equivalent 
circuit shown in Fig.4 is proposed to fit the EIS data 
of the storage and the subsequent first delithiation of 
the spinel LiMn2O4 electrode. In the equivalent circuit, 
Rs represents the ohmic resistance; RSEI, and Rct are 
the resistances of the SEI film and the charge transfer 
reaction; the capacitance of the SEI film, the capaci- 
tance of the double layer, and the Warburg impedance 
are represented by the constant phase element(CPE) 
QSEI, Qdl and QD, respectively. The expression for the 






Fig.4  Equivalent circuit used for analysis of impedance 
spectra of spinel LiMn2O4 electrode 
Y=Y0ωncos +jY0ωnsin         (1) 
where, ω is the angular frequency, and j is the imagi-
nary unit. A CPE represents a resistor when n=0, a 
capacitor with a capacitance of C when n=1, an in-
ductor when n=−1, and a Warburg resistance when 
n=0.5. In this study, Y0 is considered to be a pseudo 
capacitance(pseudo-Y0) when n lies between 0.5 and 
1[20]. 
In Fig.5, the simulated impedance spectrum is 
compared with the EIS experimental data at 3.9 V 
during discharge process, and the values of parameters 
are listed in Table 1. It can be seen that the proposed 









Fig.5  Comparison of EIS experimental data recor- 
ded at 3.9 V during discharge process with 
those obtained from simulation using equiva-
lent circuit of Fig.4 
Table 1  Equivalent circuit parameters obtained 
from Fig.5 
Parameter Value Uncertainty(%) 
Rs  22.29  0.2752 
RSEI  12.64  1.181 
QSEI-n  0.79072  1.1959 
QSEI-Y0 4.0388×10−5 8.8472 
Rct 14.92  1.8578 
Qdl-n  0.79358  1.6676 
Qdl-Y0  4.5674×10−3 4.0428 
QD-n  0.63303  2.9882 
QD-Y0  0.47294 5.7115 
χ2=5.15111×10−4   
3.4  Storage Behavior of LiMn2O4 Electrode  
Fig.6 illustrates the variations of different EIS 
parameters obtained by fitting experimental impe- 
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dance spectra of the spinel LiMn2O4 electrode    
with increasing the storage time in 1 mol/L 
LiPF6-EC:DEC:DMC electrolyte at open circuit po-
tential. According to the SEI model, the resistance and 
capacitance values corresponding to the migration of 
Li ions through the SEI film are frequently described 
in the literature by Eqs.(2) and (3).  
R=ρl/S                   (2) 
C=εS/l                   (3) 
where, l denotes the thickness of SEI film, S denotes 
the electrode surface area, ρ denotes the resistivity, 
and ε denotes the permittivity of the SEI film. If we 
assume that the surface S, permittivity ε, and resistivi-
ty ρ, remain constant, it is clear that a thickness in-
crease will lead to a resistance increase and a decrease 
in capacitance. It can be seen from Fig.6 that both the 
resistance(RSEI) and the QSEI-n rapidly increase during 
the initial 4 h of the storage, whereas the pseudo capa-
citance(QSEI-Y0) quickly decreases. The changes of the 
parameters indicate that the SEI film has been formed 
on the spinel LiMn2O4 electrode and its thickness in-
creases rapidly during the initial 4 h of storage. In a 
prolonged storage process, the increase of RSEI and the 
decrease of QSEI-Y0 both become slow, implying that 
spontaneous reactions occurring between the spinel 
LiMn2O4 electrode and the electrolyte have been pre-
vented by the SEI film. QSEI-n remains almost con-
stant, confirming that the spinel LiMn2O4 electrode is 








Fig.6  Variations of EIS parameters obtained from fitting the experimental impedance spectra of the spinel LiMn2O4 
electrode with the increase of storage time at open circuit potential(OCP, 3.5 V) 
(A) RSEI; (B) QSEI-n; (C) QSEI-Y0. 
3.5  EIS Studies of Spinel LiMn2O4 Electrode in 
the First Charge-discharge Cycle 
The parameters obtained by fitting the experi-
mental impedance spectra recorded in the first dis-
charge-charge cycle subsequent to the storage are 
plotted in Fig.7. During the first charge process, the 
RSEI decreases slightly below 3.95 V; this may be  
owing to the reversible breakdown(or dissolution) of 
the resistive SEI film[20]. It then increases in the po-
tential range of (3.95―4.0) V, which may be ascribed 
to the decrease of surface electronic conductance of 
the LiMn2O4 electrode caused by the phase transitions 
of delithiation. It remains invariant above 4.0 V until 
the end of the charge process, which is similar to that 
reported about the cycled LiNiO2 electrode[18]. It can 
be seen that the QSEI-n increases while the QSEI-Y0 
decreases during the entire charge process, confirming 
the increase of the homogeneity and compactness of 
the SEI film. At the end of the discharge process, the 
electrode potential was kept at 4.35 V for 12 h; both 
the RSEI and QSEI-n increased considerably, but the 
QSEI-Y0 decreased slightly, indicating the thickening of 
the SEI film owing to electrolyte oxidation. In the 
succeeding discharge process, the changes of RSEI, 
QSEI-n, and QSEI-Y0 with decreasing polarization po-
tential are similar to that in the charge process before 
the lithiation of the LiMn2O4 electrode(4.2 V, as can 
be seen from the CV). When Li-ion begins to insert 
into the LiMn2O4 electrode, the RSEI increases rapidly 
and QSEI-Y0 increases slightly with the decrease of the 
polarization potential, signifying the increase of the 
thickness of the SEI film; the QSEI-n decreases, de-
noting the decrease of homogeneity of the SEI film. 
We consider that the behavior may be associated to 
electrolyte oxidation coupled with Li-ion insertion, as 
suggested by Eriksson et al.[21]. 
(2−λ)MnO2+Li++xElectrlyte→ 
LixMn2O4+xElectrolyte+        (4) 
The Rct versus E plot, is supposed to perform ac-
cording to the following classical equation[22]: 
Rct=1/fFk0AcO0.5cR0.5          (5) 
In equation (5), f denotes the usual electroche- 
mical constant(equal to F/RT, where, F and R are Fa-
raday and gas constant, respectively, and T is the ab-
solute temperature) and k0 is the heterogeneous rate 
constant, respectively. It should be remembered that 
when Eq.(5) is used, the total concentration of the 
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available intercalation sites, cT, is constant, i.e., 
cO+cR=cT. The concentrations of the red-form, cR, and 
that of the ox-form, cO, are identified with the concen-
tration of Li ions and unoccupied intercalation sites, 
respectively. 
Eq.(5) clearly predicts a rapid increase in Rct as 
cO→cT or cR→cT, i.e., in either completely intercalated 
or deintercalated state, the minimum Rct can be at-
tained when cO=cR. It can be observed from Fig.6 that 
the Rct decreases below 4.15 V(corresponding to cO=cR 
during charge process, as can be seen from CV) and 
increases above 4.15 V in the charge process, and the 
Rct decreases above 4.1 V(corresponding to cO=cR 
during the discharge process, as can be seen from CV) 
and increases below 4.1 V in the discharge process. 
The results confirm that Eq.(5) can be used to appro-
priately interpret the experimental data. The difference 
in the Rct between the charge and discharge processes 
is probably owing to the complicated surface pheno-







Fig.7  Variations of EIS parameters with electrode potential obtained from fitting the experimental  
impedance spectra of the spinel LiMn2O4 electrode during the first charge-discharge cycle 
(A) RSEI; (B) QSEI-n; (C) QSEI-Y0; (D) Rct. a. Charge; b. discharge. 
4  Conclusions 
The initial storage in electrolyte and the subse-
quent first charge-discharge cycle of the spinel 
LiMn2O4 electrode were studied by EIS. The results 
demonstrate that the thickness of the SEI film in-
creases with increasing the storage time for the spinel 
LiMn2O4 electrode in 1 mol/L LiPF6-EC:DEC:DMC 
electrolyte, and spontaneous reactions of the spinel 
LiMn2O4 electrode with electrolyte can be prevented 
by the SEI film. In the first charge-discharge cycle 
subsequent to the storage, the reversible breakdown(or 
dissolution) of the resistive SEI film leads to the de-
crease of the RSEI, and the decrease of surface elec-
tronic conductance of the LiMn2O4 electrode as well 
as the electrolyte oxidation result in the increase of the 
RSEI in the charge process; however, the electrolyte 
oxidation coupled with Li-ion insertion has been illu-
strated as the main origin for the increase of resistance 
of the SEI film in the whole charge-discharge process. 
The results have demonstrated that a classical equa-
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